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Abstract Objectives: This study, the first to document the
prevalence of pneumoconiosis among a living South
African coal mining cohort, describes dose–response
relationships between coal workers’ pneumoconiosis and
respirable dust exposure, and relationships between
pneumoconiosis and both lung function deterioration
and respiratory symptoms. Methods: A total of 684
current miners and 188 ex-miners from three bitumi-
nous-coal mines in Mpumalanga, South Africa, was
studied. Chest radiographs were read according to the
International Labour Organization (ILO) classification
by two experienced readers, one an accredited National
Institute for Occupational Safety and Health (NIOSH)
‘‘B’’ reader. Interviews were conducted to assess symp-
toms, work histories (also obtained from company
records), smoking, and other risk factors. Spirometry
was performed by trained technicians. Cumulative
respirable dust exposure (CDE) estimates were con-
structed from historical company-collected sampling
and researcher-collected personal dust measurements. j-
Statistics compared the radiographic outcomes predicted
by the two readers. An average profusion score was used
in the analysis for the outcomes of interest. Because of
possible confounding by employment status, most
analyses were stratified on current and ex-miner status.
Results: The overall prevalence of pneumoconiosis was
low (2%–4%). The degree of agreement between the two
readers for profusion was moderate to high (j=0.58). A
significant association (P<0.001) and trend (P<0.001)
was seen for pneumoconiosis with increasing categories
of CDE among current miners only. A significant
(P<0.0001) additional 58 mg-years/m3 CDE was seen
among those with pneumoconiosis compared to those
without. CDE contributed to a statistically significant
0.19% and 0.11% greater decline in the percent pre-
dicted 1-second forced expiration volume (FEV1) and
forced vital capacity (FVC), respectively, among current
miners with pneumoconiosis than among those without.
Logistic regression models showed no significant rela-
tionships between pneumoconiosis and symptoms.
Conclusions: The overall prevalence of pneumoconiosis,
although significantly associated with CDE, was low.
The presence of pneumoconiosis is associated with
meaningful health effects, including deterioration in lung
function. Intervention measures that control exposure
are indicated, to reduce these functional effects.
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Introduction
Both simple coal workers’ pneumoconiosis (CWP) and
progressive massive fibrosis (PMF) are recognized out-
comes of cumulative respirable dust exposure (CDE).
Dose-related association of risk of PMF with increasing
cumulative exposure is well accepted. The relationship
of lung function outcomes with the presence of pneu-
moconiosis in coal miners has been established for PMF
but is still the subject of some debate among workers
with simple CWP. Various studies have attempted to
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characterize the nature of CWP, primarily in terms of its
macroscopic and histological pathology, symptomatol-
ogy, functional impairment and dust exposure–dose
response relationships. No systematic study has been
conducted among South African coal miners to deter-
mine the prevalence of simple CWP or PMF and the
characteristics of the disease in terms of symptoms, lung
function outcomes or dose–response relationships.
Since the late 1950s, numerous studies have demon-
strated the relationship between respirable dust exposure
in coal mines and the development of pneumoconiotic
diseases. Initially, it was thought to be purely the result
of exposure to silica present in coal mines, but further
studies indicated that the severity was related not to
silica content of the coal but to total dust found in the
lungs (National Institute For Occupational Safety and
Health 1995). Between 2% and 5% of miners exposed to
respirable coal dust will have category 2 or greater CWP,
depending on their cumulative lifetime exposure (Att-
field and Morring 1992). Studies from the USA in the
1960s reported a prevalence of simple CWP and PMF
related to increasing number of years worked under-
ground and to increasing rank (hardness) of the coal
(McBride et al. 1966). PMF may develop and progress
even in the absence of continued exposure (Parkes 1994).
In a study of the US National Study of CWP
(NSCWP) data and in UK studies, the risk of CWP was
positively associated with the increasing CDE, older age
and higher rank of coal (Attfield and Seixas 1995;
Hurley and Maclaren 1987). Anthracite coal was a
greater risk, at lower exposures, for the development of
category 2 or higher pneumoconiosis than was bitumi-
nous coal (Amandus et al. 1989).
Progressive massive fibrosis is unequivocally associ-
ated with poor cardio-respiratory health outcomes
(Lyons and Campbell 1981; Attfield and Wagner 1992;
Miller and Jacobsen 1985). The association of simple
CWP with decrements in pulmonary function, symp-
toms, and disability is less clear and more controversial,
with several early studies reporting no significant asso-
ciation between CWP and respiratory impairment
(Cochrane and Higgins 1961; Morgan et al. 1972;
Hankinson et al. 1975). In contrast, later studies have
shown significant relationships between CWP (and spe-
cific opacity types) and lung function outcomes (Collins
et al. 1988; Zhicheng 1986; Wang et al. 1999).
Apart from relating to a decline in lung function
among those with CWP, other controversies relate to
symptoms and simple CWP, with its being argued that it
is not associated with significant symptoms per se
(Morgan et al. 1972). This is in contrast to the findings in
some recent studies, which have shown associations
between simple pneumoconiosis and various respiratory
symptoms, while controlling for dust exposure and
smoking (Collins et al. 1988; Wang et al. 1999).
It would appear that the studies that carefully docu-
mented exposure data have concluded that there is,
indeed, a respirable dust-related dose response for CWP
and for PMF. The latter condition has been shown
conclusively to have negative respiratory health out-
comes, including decrements in lung function and pro-
gressive respiratory disability. The critical areas for
debate relate to the presence and clinical significance of
symptoms and the decline in lung function among those
with simple CWP.
The overall objective of our research was to describe
radiographic outcomes among South African coal min-
ers exposed to respirable coal dust. Specifically, the aims
included describing the outcomes of pneumoconioses
(CWP and silicosis), radiological findings of tuberculosis
and features of chronic obstructive lung disease. Our
other aims were to determine whether any dose– re-
sponse relationships could be defined for these outcomes
and CDE, while controlling for important covariates
such as cigarette smoking. Relationships between lung
function outcomes and radiographic changes and be-
tween symptoms and radiographic diagnoses of pneu-
moconiosis were also investigated.
Methodology
Ethics and human subjects
Ethical approval for this study was obtained from the
Institutional Review Board of the University of Michi-
gan and the Ethics Committee of the University of
Natal. All the participants in this study gave written
informed consent, participated voluntarily, and had the
right to withdraw at any stage. Confidentiality of par-
ticipant information was ensured.
Selection of mining operations
The overall objective and specific aims were met through
the investigation of a sample of African current and
ex-coal miners from three mines in Mpumalanga prov-
ince, South Africa. The mining operations selected were
among those of the mining company that agreed to
participate in the research project, and (a) had reliable
historical environmental monitoring data (i.e. data ob-
tained by acceptable techniques and by trained person-
nel, with recorded sampling procedures); (b) were
mining bituminous coal and (c) were located in a spec-
ified geographic region, which would facilitate study.
Selection of sample
A sample of 896 workers, consisting of 684 current
miners and 188 ex-miners, was studied. The subjects
were stratified according to employment status (current
miners vs ex-miners) and according to exposure history:
more than 10 years at the coalface, between 2 and
10 years at the coalface and those with less than 2 years
at the coalface. Owing to strong union support, mine
meetings and shop-steward participation, all current
employees solicited agreed to participate.
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Information from company databases, containing
information on employment date, current job title, age
of worker, salary/wage, company number, date of entry
and exit from specific jobs, and shaft/seam, was merged.
To diminish potential confounding related to socio-
economic status, we excluded those in positions higher
than or equal to grade 13 (junior management level,
administrative positions, etc.).
Inadequate mining company records of the ex-
employees resulted in failure to provide the total target
number (n=200). Field workers sought ex-miners in the
local communities. Those ex-miners that were so iden-
tified and that met the eligibility criteria (formerly em-
ployed at the mining operations under study and having
left the employ of the mine more than 6 months previ-
ously) were invited to participate in the study. Although
no ex-employee identified in this manner refused to
participate in the study, 24 (out of 212) did not report to
the assessment centre as per their appointment. Most of
the missed appointments were because of reasons such
as job seeking, failure to meet the taxi time etc., and not
obviously due to reasons related to health status. This
approach to identify ex-miners did not allow for calcu-
lations of participation rates based on a fully enumer-
ated target population.
Determination of cumulative dust exposure
Sources of exposure data used to develop exposure
profiles included the review of all historic dust sampling
data available and study of the detailed job histories of
each participant at the mine, augmented by interview.
This involved our determining the specific job descrip-
tions of each participant over the entire period of
employment at the mine, the specific seam and section
worked, and the duration of work in that job on seam
and section. During the interviews with the worker, the
previously obtained information from company records
was used to stimulate recall of past jobs.
Additional dust sampling was done by the research
team over three sampling cycles at each of the three
mines. Each cycle was separated in time by intervals
ranging from 2 to 4 weeks to allow for better charac-
terization of variability in dust levels. In each sampling
cycle, the same 50 workers were requested to wear per-
sonal samplers.
The calculation of the CDE variable has been de-
scribed in detail elsewhere (Naidoo 2002). Statistical
models of the historical and investigator-collected data
were developed for the estimation of exposure for each
mine, and the particular exposure zone (face, backbye or
surface) in which the worker had been employed. These
estimates were used to calculate a cumulative exposure






where xij is arithmetic mean concentration of respirable
dust (in milligrammes per cubic metre) calculated for
mine i and zone j (surface, backbye or face) and yearsijs
is years spent in a mine i within zone j by subject s.
Questionnaire and worker interviews
Questionnaires with standardized questions extracted
from the American Thoracic Society (ATS) and Na-
tional Institute for Occupational Safety and Health
(NIOSH) instruments, were administered to each par-
ticipant by trained interviewers. Items that were covered
included demographics, respiratory symptoms, chest
illnesses, detailed work histories (past and current
employment details), tobacco use, and family history.
Radiological assessments
New chest radiographs were obtained for all the par-
ticipants in the study. All radiographs were taken in
accordance with the criteria set out by the International
Labour Organization (ILO, 1980) by a radiographer
having experience in these techniques. The facilities used
by the mining operations to perform their own radio-
graphic assessments (based at the mining operation it-
self) were used for the research. The quality of the
radiographs conducted at these facilities were reviewed
prior to commencing the study by the research team and
found to be adequate.
The radiographs were assessed according to the 1980
ILO standard plates on pneumoconiosis, each read
independently by two experienced readers, one a radi-
ologist (A.S.) and the other a pulmonologist and NI-
OSH accredited ‘‘B’’ reader (N.W.). The readers were
blind to all information concerning participants,
including their exposure status; however, both readers
were aware that all participants were coal miners.
Pulmonary function assessments
Lung function assessments were performed on the
sample (current and ex-miners) according to the ATS
(1995) criteria. Testing was done by appropriately
trained technicians. The standardized set of predictor
equations used in this project were derived from a study
conducted by Louw et al. (1996), based on a non-dust
exposed South African black population. These equa-
tions, for 1-second forced expiration volume (FEV1) and
forced vital capacity (FVC) are:
FEV1ðLÞ ¼ 0:535þ 0:029 ðheight ðcmÞÞ
 0:027 ðage ðyearsÞÞ
FVCðLÞ ¼ 3:08þ 0:048 ðheight ðcmÞÞ
 0:024 ðage ðyearsÞÞ
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Analysis
All analysis was done with Statistical Analysis Software
(SAS), version 8.1. Descriptive, bivariate and multivar-
iable analytical techniques were used to describe the
data. Before conducting formal statistical analyses we
performed a preliminary analysis.
The following were the outcome variables of pri-
mary interest:
(a) Radiographic changes of pneumoconiotic disease, as
well as of chronic obstructive airways disease
(emphysema), and tuberculosis.
(b) Abnormalities in lung function parameters: FEV1,
FVC, and the ratio between these parameters (FEV1
/FVC) as measured by spirometry.
(c) Respiratory symptoms.
Cumulative dust exposure over the duration of
employment in the coal mining industry was the key
exposure variable of interest. To examine whether any
associations existed between outcomes and exposure, we
examined trends by categorizing the CDE variable
approximately into terciles: low exposure (0.62–
20.10 mg-years/m3, n=278); medium exposure (20.11–
72.77 mg-years/m3, n=285); high exposure (72.78–
258.70 mg-years/m3, n=294). CDE was also used as a
continuous variable in certain analyses.
Smoking status was considered to be an important
covariate, and was used in the analysis as a categorical
variable (current smoker, ex-smoker and never smoker)
as well as a continuous variable (pack-years). For pur-
poses of trend analysis, the pack-year variable was cat-
egorized into terciles (excluding never smokers): never
smoker (n=346); low (0.1–3.25 pack-years, n=172);
medium (>3.25–7.65 pack-years, n=176); high (>7.65
pack-years, n=178).
We calculated the j-statistics to assess the degree of
agreement between the two readers. Weighted j-sta-
tistics were calculated for the level of global agreement
because of the multiple responses on the ILO classi-
fication. Differences between the readers’ scores were
examined both as dichotomized variables, using
j-statistics, and also as ordinal variables. For this
last analysis, the profusion score was reconfigured,
with profusion 0/0 being given a profusion score of 1
followed by an ordinal increase with each level of
profusion until 3/3, which was given a profusion score
of 10. Profusion scales that were not read for any
films by either reader (0/ and 3/+) were not in-
cluded in the scoring. We then analysed this by
looking at the mean value of profusion score for each
CDE category stratified by reader and by current job
status.
An average profusion score based on the ILO clas-
sification of the two readers was calculated for each
participant. This method has been described by other
researchers previously (Robins and Green 1988; Mulloy
et al. 1993). Where the average fell between two scores,
the higher score was assigned. This average score was
used for most analyses.
Results
Mine exposure data
The geometric mean of respirable dust levels measured
at each of the mines and collected by the researchers
ranged from 0.9–1.9 mg/m3 at the face (n=76) and 0.2–
0.3 mg/m3 at the surface (n=12). Concentrations of
silica in respirable dust ranged from 1.4%–2.7% at the
face. Levels of respirable dust were higher among the
continuous miner operators, with means ranging from
1.2–2.8 mg/m3 at the face. These findings have been
discussed in greater detail elsewhere (Naidoo 2002).
Years of exposure for workers at the face averaged
10 among current miners and 3.6 among former miners.
Years worked on the surface averaged 5.5 (for current
miners) and 4.3 (for former miners).
Profusion
Eight hundred and seventy-two films were read by both
readers in accordance with the ILO 1980 Classification
of Pneumoconiosis. The overall prevalences of pneu-
moconiosis in this population were relatively low: 1.9%
(reader 1) >1/0 to 4.2% (reader 2) and 4.1%>0/1
(reader 1) to 13.4% (reader 2).
We calculated several different j-statistics, looking at
different definitions of abnormality and precision be-
tween the readers. A low level of agreement was found
when we looked for an exact match for level of profu-
sion (i.e. all 12 points on the ILO system) on the films,
[weighted j-statistic=0.30 (CI=0.16–0.34)] (Table 1).
[j-levels were based on the standards described by Fleiss
(1981).]
j-statistics were calculated for varying definitions of
pneumoconiosis. When we used the cut-off for positive
pneumoconiosis 1/0 or greater, the statistic was 0.40
(CI=0.23–0.57), a ‘‘fair to good’’ level of agreement. At
this cut-off, 840 (96.5%) films were read in complete
agreement. With a level of 1/1 or greater to define
pneumoconiosis, 862 (98.9%) of films were read in
agreement, with the j-statistic at 0.58 (CI=0.34–0.81),
indicating a high level of agreement.
Other radiographic findings
Levels of inter-reader agreement were determined for
various other radiographic findings (Table 2). Levels of
agreement for the presence of tuberculosis (TB) and
pleural abnormalities were relatively low. This was ex-
pected, because of the low prevalence of pathological
radiographic findings—the j becomes unstable as the
prevalence of a condition declines (Thompson and
Walter 1988).
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The prevalence of TB as diagnosed by X-ray was
fairly low, with a range between readers of 3.6%–5.4%.
This is in accord with the low levels of previous TB
(3.0%) reported by study participants during the inter-
view. There was a strong association between the diag-
nosis of TB by a doctor, as reported in the interview, and
radiological diagnosis by both readers (v2 p-value
<0.0001).
Shape and size of opacities on radiographs
The overwhelming majority of films were read as having
rounded regular opacities, primarily the pinhead (p) and
micronodular (q) types (Table 3). The type most often
associated with coal dust exposure is rounded opacities.
Radiographic outcomes vs cumulative dust exposure
The radiographic data were analysed, using the CDE
measures. The average profusion score of the two
readers was used for this analysis. When CDE categories
were used as an exposure measure, only pneumoconiosis
(defined as >1/0 ILO scale, n=20) was strongly asso-
ciated with exposure (P=0.05), and it showed an
increasing trend with increasing exposure. No such
trends existed for radiological evidence of TB or for
radiological evidence of emphysema (not shown).
Table 1 Respiratory health of South African coal miners: table of agreement between readers for all ILO profusion grades (grades for
which neither reader provided a reading are not shown) (bold values indicate an identical reading)
Grade Reader 1
0/0 0/1 1/0 1/1 1/2 2/1 2/2 2/3 3/2 3/3 3/+ Total (%)
Reader 2
0/0 597 35 8 3 0 0 0 0 0 0 0 643 (73.7)
0/1 99 8 4 0 1 0 0 0 0 0 0 112 (12.8)
1/0 52 23 3 1 1 0 0 0 0 0 0 80 (9.2)
1/1 14 3 3 2 0 0 0 0 0 0 0 22 (2.5)
1/2 3 0 2 1 0 1 2 0 0 0 0 9 (1.0)
2/1 0 0 0 1 0 0 0 0 0 0 0 1 (0.1)
2/2 0 1 0 0 1 0 2 0 0 0 0 4 (0.5)
2/3 0 0 0 0 0 0 0 0 0 0 0 0 (0)
3/2 0 0 0 0 0 0 0 0 0 0 0 0 (0)
3/3 0 0 0 0 0 0 0 1 0 0 0 1 (0.1)
3/+ 0 0 0 0 0 0 0 0 0 0 0 0 (0)
Total (%) 765 (87.7) 70 (8.0) 20 (2.3) 8 (0.9) 3 (0.3) 1 (0.1) 4 (0.5) 1 (0.1) 0 (0) 0 (0) 0 (0) 872 (100)
Table 2 Respiratory health of South African coal miners: findings on radiographs between two readers (values in parentheses are
percentages)






j- statistic for inter-reader
agreement
Any abnormalities 106 (11.92) 192 (21.60) 51 (5.89) 0.22
TB 32 (3.60) 48 (5.40) 20 0.49
Large opacities 1 (0.11) 6 (0.67) 0 0.002
Pleural abnormalities 4 (0.45) 7 (0.79) 3 (0.35) 0.54
Bullae 0 17 (1.91)
Cancer 0 4 (0.45)
Effusion 0 2 (0.22)
Emphysema or hyperinflationa 43 (4.84) 215 (24.18) 28 0.15
Fissure pleural thickening 3 (0.34) 6 (0.67) 1 (0.12) 0.22
aReader 1 chose to use the term hyperinflation rather than emphysema because of the absence of the anterolateral film. This term may not
always be directly comparable to emphysema as marked by reader 2
Table 3 Respiratory health of South African coal miners: small
opacity findings between the two readers
Opacity shape/size reading Reader 1 n (%) Reader 2 n (%)
Normal 791 (90.71) 640 (73.42)
pp 35 (4.01) 58 (6.66)




qp 5 (0.57) 53 (6.08)









We conducted further analysis, stratifying on the
basis of employment (Table 4). When the data for only
the current miners were analysed, pneumoconiosis re-
tained its significant association with CDE categories
(P<0.001). TB also showed a significant trend (P<0.02)
for reader 2 only, however, with a decreasing prevalence
for higher exposure. This finding might be a reflection of
the current approach at these mines, where workers,
when diagnosed with TB, are removed from the high-
exposure areas. None of the relationships was statisti-
cally significant for the ex-miners. However, these ex-
posure-response estimates are likely to be unstable
because of the low number of ex-miners read as having
pneumoconiosis.
Pneumoconiosis and cumulative dust exposure
as continuous variable
The significant relationship between cumulative expo-
sure and presence of pneumoconiosis was also seen
when CDE was considered as a continuous variable.
There was a statistically significant difference in the
mean CDE between those with and those without
pneumoconiosis (average profusion>1/0)—CDE of
115 mg-years/m3 and 57.72 mg-years/m3, respectively
(P<0.001).
We analysed the relationship between CDE and
profusion, using the latter as the previously defined
profusion score (a continuous variable), based on the
average profusion rating of the two readers. Profusion
score, regressed on CDE, adjusted for employment sta-
tus, smoking and TB, was strongly significant
(P<0.0001), with 0.0042 mg-year/m3 of dust exposure
contributing to an increase in one profusion score unit
(data not shown). The correlation coefficient between
these two variables, when stratified by employment
status, was 0.3 for current miners (P<0.001) and 0.05
for ex-miners (P=0.5). Radiographic findings of TB
were related to profusion scores only in those films read
by reader 1 (P values <0.0001). None of the smoking
variables was significantly associated with profusion
score.
Pneumoconiosis and lung function outcomes
Workers with pneumoconiosis (defined as >1/0 ILO
scale, as an average of the two readers) had lower mean
percent predicted lung function outcomes (Fig. 1). There
were no statistically significant differences for any lung
function parameter between those with pneumoconiosis
and those without, stratified on current and ex-miner
status.
Although sample sizes were small, a statistically sig-
nificant linear relationship existed, among current min-
ers, between increasing CDE and deterioration in lung
function when the data were stratified on the presence of
















































































































































































































































































































































































































































































































































































































































































increase per year of exposure to respirable dust, a loss of
0.22% in percent predicted FEV1 among current miners
with pneumoconiosis, compared to 0.03% among those
without, was seen. This implies, for example, a mean
exposure-associated loss in percent predicted FEV1 of
27.9% for the mean CDE of 127.3 mg-years/m3 among
the 17 current miners with pneumoconiosis. No statis-
tically significant relationships were seen among ex-
miners.
Fig. 1 Respiratory health of South African coal miners: means of
lung function outcomes vs pneumoconiosis status (Pn pneumoco-
niosis)
Table 5 Respiratory health of South African coal miners. Associations of CDE (mg-year/m3) with percent predicted FEV1 and FVC,
stratified by pneumoconiosis status and employment status









Change in percentage predicted FEV1 per
1 mg-year/m3 increase in CDEa
0.22 0.33 0.03 0.08
0.07 0.34 0.01 0.05
0.008 0.51 0.02 0.11
Change in percentage predicted FVC per
1 mg-year/m3 increase in CDEa
0.14 0.15 0.03 0.07
0.06 0.12 0.01 0.04
0.03 0.43 0.02 0.11
aTable shows coefficient from simple linear regression for CDE, standard error and P value
477
Symptoms and radiographic diagnoses
of pneumoconiosis
Bivariate analyses, stratified by employment status,
indicated no significant associations between symptoms
and radiographic pneumoconiosis (average profusion
>1/0)—this might be expected, with very small num-
bers in each cell, because of the low prevalence of
CWP.
We developed logistic regression models to determine
if symptoms were associated with pneumoconiosis,
adjusting for smoking and CDE. None of the specific
symptoms showed any statistically significant odds ra-
tios. However, in models of the assessments conducted
by reader 1, symptoms of chronic bronchitis (odds of
4.82, 95% CI 1.02–22.07, compared to those without
symptoms) and history of phlegm for more than 3
months (odds of 3.97, 95% CI 1.15–12.34, compared to
those without phlegm) were statistically associated with
the presence of pneumoconiosis, even when we con-
trolled for employment status. As expected, the highest
CDE category was a statistically significant predictor of
pneumoconiosis, with odds of greater than fivefold when
compared to the low-exposure category. In none of the
models was smoking statistically significant (data not
shown).
Radiographic outcomes and smoking
Among the total of 544 current and ex-smokers, the
mean pack-years smoked was 7.30 (SD=7.36). For the
total population (including non-smokers), this averaged
4.34 (SD=6.91). TB and emphysema showed significant
associations with smoking status (Table 6). No signifi-
cant associations were present between smoking status
(current, former, or never) and pneumoconiosis.
Analysis of radiological outcomes with categories of
pack-years of smoking showed a significant association
and trend for hyperinflation (reader 1), emphysema
(reader 2) and TB (reader 1).
Conclusions and Discussion
Simple CWP has often been described as an asymp-
tomatic disease with minimal, if any, clinical features,
apart from radiological changes. However, previous
studies have reported conflicting results when examining
the association of simple CWP with decrements in pul-
monary function, symptoms, and disability (Cochrane
and Higgins 1961; Morgan et al. 1972; Collins et al.
1988). A critical issue that might account for some of
these varying findings is the characterization of expo-
sure. Because of the independent associations of lung
function and CWP with coal dust exposure, accurate
estimation and adjustment of exposure is important
when one is investigating the association of lung func-
Fig. 2 Respiratory health of South African coal miners. Linear
regression curves of FEV1 loss in excess of expected (FEV1
expected for age and heightFEV1 observed) with increasing CDE
years among current miners without and with pneumoconiosis
Table 6 Respiratory health of South African coal miners: association for categorical outcomes vs categories of smoking status. Values in








Radiological TB (R1) [33 (3.71)] 14 (3.66) 10 (7.14) 9 (2.45) 0.04
Radiological TB (R2) [49 (5.48)] 23 (5.99) 14 (9.86) 12 (3.26) 0.01
Radiological hyperinflation (R1) [43 (4.84)] 24 (6.25) 3 (2.11) 16 (4.62) 0.11
Radiological emphysema (R2) [216 (24.16)] 123 (32.03) 37 (26.06) 56 (15.22) <0.0001
Pneumoconiosis [20 (2.29)] 7 (1.82) 4 (2.82) 9 (1.60) 0.70
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tion decrements with CWP. If exposure is ignored or
grossly misclassified, one would expect some association
between CWP and lung function outcomes simply be-
cause both are associated with exposure.
Our results show that some subpopulations of miners
may be more sensitive to both the radiographic and the
pulmonary function effects of respirable coal dust (Ta-
ble 5). Miners with pneumoconiosis had a great loss in
lung function, when we had adjusted for CDE. Al-
though this was shown consistently between current and
ex-miners, this difference was only statistically signifi-
cant among current miners, most probably due to the
small numbers of ex-miners with pneumoconiosis. The
relationship of lung function and respirable dust expo-
sure in this population has been examined in greater
detail elsewhere (Naidoo 2002).
The findings in our study add to the existing body of
evidence that CWP is associated with important health
deficits. The key findings in our study were the relatively
low prevalence of pneumoconiotic lung diseases diag-
nosed radiographically (maximum of 4.2%), the positive
relationship with increasing CDE and the lower lung
function in those with CWP.
The prevalence of 4.2% of radiologically diagnosed
pneumoconiosis is similar to that found in studies
among US coal miners, which have found ranges of
4.5%–6.8% prevalence (Attfield and Seixas 1995), with
prevalence increasing in relation to increased cumulative
exposure. The mean cumulative exposure in the latter
population was 34 mg-year/m3, compared to our study’s
finding of 56.8 mg-years/m3. These studies differ from
the findings in South African gold miners, with reports
of 14% of workers with radiological evidence of silicosis
of ILO grades greater than 1/0 (Hnizdo and Murray
1998). This is almost undoubtedly due to the much
higher levels of silica dust to which gold miners are
exposed, as compared to coal miners.
Several approaches were used in the current study
to examine the relationship between pneumoconiosis
and CDE, including the use of a continuous variable
for profusion category (profusion score), the categori-
zation of CDE into terciles and the stratification on
employment status (current miner/ex-miner). Else-
where, we reported strong confounding of health out-
comes by employment status, indicating the need to
stratify our data analysis on this variable (Naidoo
2002). In all of the analyses in the current paper, there
was a strongly significant association between increas-
ing cumulative exposure and the increasing prevalence
of pneumoconiosis, indicating a dose–response rela-
tionship between these two variables. This positive
relationship remained in analyses stratified on
employment status but was significant for the current
miners only—this was most probably due to the low
number of positive cases of pneumoconioses among
the ex-miners (n=3).
This expected association between pneumoconiosis
and CDE, together with the j-statistics of moderate
inter-reader agreement, is supporting evidence for the
high quality of the reading of the radiographs and the
ability to derive conclusions based on these readings.
Our study showed lower lung function outcomes
among those with pneumoconiosis—this was not statis-
tically significant when the average profusion reading
was used but was statistically significant when the pro-
fusion scores of reader 1 alone were used. When the data
are stratified on employment status, a statistically greater
slope for dust-related loss in percent predicted lung
function is seen among current miners with pneumoco-
niosis than for those without: for a 40-year-old, 170 cm-
tall man, there was a dust-related decline of 7 ml/mg per
m3 respirable dust per year of exposure among those with
pneumoconiosis, compared to a 1 ml decline among
those without. There has been much debate in the liter-
ature as to whether a decline in lung function is noted
among those with CWP in the absence of PMF. Studies
by various researchers have found significant relation-
ships (Collins et al. 1988; Zhicheng 1986; Wang et al.
1999). Our findings lend support to those studies.
Coal workers’ pneumoconiosis has been referred to
as being asymptomatic (Morgan 1986). Although no
statistically significant relationships between pneumo-
coniosis (read as average profusion) and symptoms were
seen in our study, when we analysed the data on the
basis of reader 1 profusion scores, the prevalence of
chronic bronchitis (cough and phlegm production on
most days for more than 3 months in a year) was sig-
nificantly greater (OR=4.82) among those with pneu-
moconiosis, when we controlled for smoking, CDE and
employment status. This is in agreement with the find-
ings of other researchers (Wang et al. 1999). Because our
analyses were adjusted for CDE, it is not likely that
these symptoms are due to concomitant secondary dis-
ease or dust-induced airways disease, as suggested by
Morgan, but rather to the effect of interstitial damage
caused by the pneumoconiosis itself.
The findings, in the study, of predominantly rounded
opacities is in keeping with those of other studies of coal
miners (Parkes 1994). In a study of 223 coal miners with
simple CWP with regular opacities, the predominant
types were pinhead (23.3%) and micronodular (72.6%),
as were seen in our study (Seaton et al. 1972). Some
studies have shown that up to 6% of coal miners may
have irregular opacities (Amandus 1989), as compared
to our study findings of 4% by reader 1 and 1.7% by
reader 2 of all positive pneumoconiotic cases.
Unlike the current study, most previous studies have
reported a positive association between smoking and the
presence of opacities on the radiographs. The lack of
association in the current study is likely to be due to a
combination of the limited mean number of pack-years
of smoking (4.3 pack-years), the low prevalence of
smoking, and the relatively young age of the cohort
(mean age=42. 5 years, SD=8.4 years). Studies that
have shown a relationship between smoking and radio-
graphic profusion have involved older subjects with
greater numbers of pack-years of smoking (Weiss 1991;
Ducatman et al. 1990).
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Several studies have documented the limitations
posed by inter-reader variability in epidemiological
studies of pneumoconiosis. The development of the
ILO’s international classification of pneumoconiotic
radiographs was intended to provide a standard in the
reading of chest radiographs, but this cannot be expected
to eliminate inter-reader (and intra-reader) variability
completely (Musch et al. 1985; Mulloy et al, 1993).
Neither the ILO’s classification system nor other inter-
nationally recognized agencies, such as the Epidemiology
Standardization Project of the American Thoracic Soci-
ety has proposed standard methods for resolving inter-
observer variability. Previous studies have used varying
methods to control for this, including the use of median
readings, consensus, and average profusion scores
(Mulloy et al. 1993). The extent of inter-observer agree-
ment not due to chance alone can be summarized by the j
analysis, and this was utilized in our study. The j-sta-
tistics found in our study (0.4–0.6 depending on defini-
tion of pneumoconiosis) is broadly in the range reported
in other studies (Welch et al. 1998; Robins and Green
1988; Musch et al. 1985). In view of the moderate degree
of agreement between the readers, particularly for pro-
fusion, it was expected that the use of the average pro-
fusion score would be likely to minimize bias.
Although the prevalence of pneumoconiotic disease
among our sample of South African coal miners is rel-
atively low, it is still within the range found in other
countries in previous studies. Even with this relatively
low prevalence, we were able to demonstrate significant
dust-related dose–response relationships for the devel-
opment of CWP; with increasing decrements in lung
function with increasing profusion of CWP, and with the
presence of symptoms of the disease, after adjusting for
CDE. These findings suggest that CWP cannot be con-
sidered an innocuous disease but rather a disease for
which exposure control has clinical significance. For
those reasons active interventions are essential to reduce
exposures.
Acknowledgements This project was supported by grants from the
Safety in Mines Research Advisory Committee (SIMRAC) of the
Department of Minerals and Energy (Project No. SIMHEALTH
607), South Africa, as well as part funding from the Rockefeller
Foundation and the Medical Research Council of South Africa.
The authors are grateful to the support given by Prof. Mary Ross
(SIMPROSS-SIMRAC), Professors Xihong Lin (University of
Michigan, USA), Champak Jinabhai and Umesh Lalloo (Univer-
sity of Natal). Our appreciation to Ingwe Coal Corporation, the
National Union of Mineworkers and the staff and workers of the
participating mining operations. Thanks to the research field
workers, Hlalanathi Ndhlovu, Tom Mashigo, Christine Mathebu-
la, Christina Mabuza and administrator, Jenny Pillay and the staff
of the Department of Community Health, University of Natal.
There were no conflicts of interest in this study.
References
Amandus HE, Hanke W, Kullman G, Reger RB (1989) A re-
evaluation of radiological evidence from a study of US strip
coal miners. Arch Environ Health 39:346–351
American Thoracic Society (1995) Standardization of spirome-
try—1994 update. Am J Respir Crit Care Med 152:1107–1136
Attfield MD, Morring K (1992) An investigation into the
relationship between coal workers’ pneumoconiosis and
dust exposure in US coal miners. Am Ind Hyg Assoc J 53:486–
492
Attfield MD, Seixas NS (1995) Prevalence of pneumoconiosis and
its relationship to dust exposure in a cohort of US bituminous
coal miners and ex-miners. Am J Ind Med 27:137–151
Attfield MD, Wagner G (1992) Respiratory disease in coal miners.
In: Rom WN (ed) Environmental and occupational medicine,
2nd edn. Little, Brown, Boston, pp 325–344
Cochrane AL, Higgins ITT (1961) Pulmonary ventilatory functions
of coal miners in various areas in relation to the X-ray category
of pneumoconiosis. Brit J Prev Soc Med. 15:1–11
Collins HPR, Dick JA, Bennett JG, Pern PO, Rickards MA,
Thomas DJ, et al (1988) Irregularly shaped small shadows on
chest radiographs, dust exposure, and lung function in coal-
workers’ pneumoconiosis. Br J Ind Med 45:43–55
Ducatman AM, Withers BF, Yang WN (1990) Smoking and
roentgenographic opacities in US Navy asbestos workers. Chest
97:810–813
Fleiss JL (1981) Statistical methods for rates and proportions, 2nd
edn. Wiley, New York
Hankinson JL, Reger RB, Fairman RP, Lapp NL, Morgan WKC
(1975) Factors influencing expiratory flow rates in coal miners.
In: Walton WH (ed) Inhaled particles IV. Pergamon Press,
Oxford, pp 737–753
Hnizdo E, Murray J (1998) Risk of pulmonary tuberculosis relative
to silicosis and exposure to silica dust in South African gold
miners. Occup Environ Med 55:496–502
Hurley JF, Maclaren WM (1987) Factors influencing the occur-
rence of progressive massive fibrosis (PMF) in miners and ex-
miners. Ann Occup Hyg 32 [Suppl 1]:575–583
Louw SJ, Goldin JG, Joubert G (1996) Spirometry of healthy adult
South African men. Part I. Normative values. S Afr Med
J 86:814–819
Lyons JP, Campbell H (1981) Relation between progressive mas-
sive fibrosis, emphysema, and pulmonary dysfunction in coal-
workers’ pneumoconiosis. Br J Ind Med 38:125–129
McBride WW, Pendergrass EG, Lieben J (1966) Pneumoconiosis
study of Pennsylvania anthracite miners. J Occup Med 8:365–
376
Miller BG, Jacobsen M (1985) Dust exposure, pneumoconiosis and
mortality of coal miners. Br J Ind Med 42:723–733
Morgan WKC (1986) On dust, disability, and death (editorial). Am
Rev Respir Dis 134:639–641
Morgan WKC, Lapp NL, Seaton A (1972) Respiratory impairment
in simple coal workers’ pneumoconiosis. J Occup Med 14:839–
844
Mulloy K, Coultas DB, Samet JM (1993) Use of chest radiographs
in epidemiological investigation of pneumoconiosis. Br J Ind
Med 50:273–275
Musch DC, Higgins ITT, Landis JR (1985) Some factors influ-
encing interobserver variation in classifying simple pneumoco-
niosis. Br J Ind Med 42:346–349
Naidoo N (2002) Respiratory health of South African coal miners
(dissertation). University of Michigan, USA
National Institute for Occupational Safety and Health (1995)
Criteria for a recommended standard: occupational exposure to
respirable coal mine dust. NIOSH, US Department of Health
and Human Services, Cincinnati, USA
Parkes WR (1994) Pneumoconiosis associated with coal and other
carbonaceous materials. In: Parkes WR (ed) Occupational lung
disorders, 3rd edn. Butterworth Heinemann, Oxford, pp 285–
339
Robins TG, Green MA (1988) Respiratory morbidity in workers
exposed to asbestos in the primary manufacture of building
materials. Am J Ind Med 14:433–448
Seaton A, Lapp NL, Morgan WKC (1972) Relationship of pul-
monary impairment in simple coal workers’ pneumoconiosis to
type of radiographic opacity. Br J Ind Med 29:50–55
480
Thompson WD, Walter SD (1988) A reappraisal of the kappa
coefficient. J Clin Epidemiol 41:949–958
Wang X, Yu ITS, Wong TW, Yano E (1999) Respiratory symp-
toms and pulmonary function in coal miners: looking into the
effects of simple pneumoconiosis. Am J Ind Med 35:124–131
Weiss W (1991) Cigarette smoking and irregular opacities. Br J Ind
Med 48:841–844
Welch LS, Hunting KL, Balmes J, et al (1998) Variability in the
classification of radiographs using the 1980 International Labor
Organisation classification for pneumoconioses. Chest
114:1740–1748
Zhicheng S (1986) A study of lung function in coalworkers’
pneumoconiosis. Br J Ind Med 43:644–645
481
